Historically, studies of phagocytosis and the role of this specialized cell function in host protection have been concerned primarily with bacterial infectious agents. More recently, there has been a surge of interest regarding the role of the phagocytic cell in virar infections. During investigations concerned with cellular immunity to vaccinia virus, Tompkins et al. (5) observed that the virus replicated in peritoneal macrophages obtained from nonimmune rabbits but failed to do so in macrophages from immunized rabbits.
Subsequently, Avila et al.
(1) reported that the absence of vaccinia multiplication in the immune rabbit macrophages could be explained by the fact that viral adsorption to the immune cell surface was not followed by ingestion and uncoating. Rather, the vaccinia virus remained at the immune cell surface where it was susceptible to inactivation by neutralizing antibody. Avila et al.
(1) emphasized the importance of this observation by suggesting that the phenomenon could have a host protective function due to the binding of the virus to the immune cell surface, thereby preventing its replication and spread as well as rendering it accessible to neutralizing antibody.
The present study was undertaken to further explore the interaction of the vaccinia virus with immune and nonimmune macrophages using the electron microscope as a means of obtaining direct visual evidence concerning the sequence of events. (The term "immune macrophage," as used in this paper, implies only that the macrophages were obtained from animals immunized with vaccinia virus.)
MATERIALS AND METHODS
Tissue culture cells and media. Chicken embryo fibroblast cells were prepared by trypsinization of 9-to 11-day-old embryos. The chicken cells were grown in Eagle minimal essential medium (MEM) supplemented with 5% bovine serum, penicillin (200 U/ml), and streptomycin (100 U/ml). Macrophage cultures were maintained in the same medium containing 10% bovine serum.
Preparation of virus stock. The IHD strain of vaccinia virus was grown in monolayers of chicken embryo fibroblasts in 800-ml Roux culture bottles. Cell monolayers were inoculated with 107 plaqueforming units (PFU) of virus in phosphate-buffered saline (PBS) plus 0.1% bovine serum albumin (BSA) and allowed to adsorb for 2 h at 37 C with frequent agitation. After adsorption, residual virus was removed, 50 ml of medium (Eagle MEM + 2% bovine serum) was added, and the cultures were incubated at 37 C for 48 h. The virus was harvested by one freeze-thaw cycle followed by sonic disruption for 1 min at maximal power in a Raytheon sonic oscillator (model DF-101). The Inoculation of macrophages with virus. Virus was adsorbed to macrophages (1 ml/flying cover-slip tube in Eagle MEM + 10% bovine serum) for 2 h at 37 C. Unadsorbed virus was removed by washing, and the medium was replaced. For growth curve experiments, cells were infected at 3 x 10' PFU/ml. Samples were frozen for titering at 2 h after adsorption and at 24-h intervals through 120 h. Virus to be assayed was released from the cells by three cycles of freeze-thaw and titered on chicken embryo fibroblast monolayer cultures. For electron microscopy, cells were infected at 6 x 107 PFU/ml.
Electron microscopy. Cells were washed twice with cold 0.1 M phosphate buffer (pH 7.4), and then fixed for 1 h in 4% glutaraldehyde in 0.1 M phosphate buffer at 4 C. The glutaraldehyde was removed, and the cells were washed in buffer five to six times followed by postfixation at 4 C for 30 min in 1% buffered osmium tetroxide. After washing, the cells were removed from cover slips by gentle scraping and centrifuged. The cell pellet was embedded in purified agar, dehydrated, embedded in Epon 812, sectioned, and stained with Reynolds lead citrate for 2 min. Sections were examined and photographed with a Hitachi HS 8 electron microscope.
RESULTS
Multiplication of vaccinia virus in nonimmune and immune rabbit macrophages. To insure that observations made with the electron microscope involved cells capable of viral suppression, it was necessary to establish that macrophages harvested from immunized animals, in contrast to those harvested from nonimmune animals, inhibited the replication of vaccinia. Therefore, immune and nonimmune macrophage cultures were prepared and inoculated with 3 x 10' PFU of virus. The progress of the infection was followed by periodic titering of the virus from each system and by the observation of cells both with the light and the electron microscope.
At the end of the adsorption period, viral titers indicated that the amount of cellassociated virus was similar in both the immune and nonimmune cell systems (Fig. 1) . After adsorption, the viral titer in the nonimmune cells exhibited a persistent increase, reaching a peak titer of 4 x 10' PFU at 120 h. There was no comparable viral increase in the immune cell cultures. Rather, the infectious titer remained stable throughout the testing period. (Fig. 2a) (Fig. 3a) . The presence of these cores indicated that the first stage of uncoating had occurred, followed by the movement of the DNA-containing cores out of the vacuole into the cell cytoplasm.
Sections prepared from infected immune cells (Fig. 2b) . Of particular significance was the observation of numerous viral cores in the cytoplasm (Fig. 3b) ingested but is prevented from replicating by its complete destruction within the phagocytic vacuole (3). Antibody-neutralized vaccinia is handled in the saine way by the host cell, with the antibody both enhancing the uptake and the intravacuolar dissolution of the virus (3, 4) . Thus the work of Avila et al. (1), which indicates that the immune macrophages adsorb but do not ingest vaccinia, stands in marked contrast to the observations of others in regard to the vaccinia-host cell interaction.
In an attempt to resolve this difference, we explored the early phases of the vaccinia-rabbit macrophage interaction with the electron microscope. The results obtained with the electron microscope revealed no difference between the nonimmune and immune macrophages relative to the efficiency of viral uptake. Not only did the immune cells phagocytize the virus with equal facility as compared with the nonimmune cells, but they also processed the virus through the first stage of uncoating as evidenced by the appearance of viral cores in the cell cytoplasm. Therefore, the inhibition of vaccinia replication, which was consistently observed in the immune macrophages, cannot be explained by either the failure of the immune cells to ingest the virus, as suggested by Avila et al. (1), or the complete destruction of the virus within the vacuole. On the basis of our evidence obtained with the electron microscope, it appears that the immune cell inhibition of vaccinia replication is an intracellular mechanism which operates at a point in the replicative sequence beyond the first stage of uncoating. Because our experiments utilized mixed peritoneal cell populations rather than pure cultures of macrophages, the possible direct or indirect role of sensitized lymphocytes in the inhibition of vaccinia must be considered. However, Tompkins et al. (5) found no evidence that peritoneal exudate lymphocytes from vaccinia-immune rabbits interfered with vaccinia replication when added to cultures of macrophages harvested from nonimmune animals. In addition, Tompkins et al. (5) reported that the suppression of vaccinia virus by immune macrophages did not appear to be attributable to cell-bound antibody. In any event, our work has attempted to focus attention on the fact that the intracellular events which occur after the ingestion of the vaccinia virus apparently differ, depending on whether the virus has been phagocytized by macrophages from immunized or nonimmunized rabbits. This difference is of probable significance regardless of whether the mechanism is an exclusive function of the macrophage or is a mechanism mediated by antibody or sensitized lymphocytes. It is important to note that Silverstein (4) reported that normal mouse macrophages, which are nonpermissive for vaccinia virus, also ingest the virus and form cores. Thus, it may be that the mechanisms which are acquired by the rabbit macrophages as a result of immunization simulate the mechanisms found in the normal nonpermissive mouse macrophages.
Although these data do not provide information regarding the nature of such intracellular mechanisms, it is of some interest that the cell-associated viral titer in the immune cell system either remained stabilized during the experimental period or showed only a slight decrease. It was a similar observation which contributed to the conclusion of Avila et al.
(1) that the virus did not enter the immune cell. Although we cannot rule out the source of the infectious titer as extracellular virus, our results allow for an alternative possibility, i.e., that the intracellular virus remains in an infectious form although unable to replicate in the immune cell cytoplasm. The direct evidence provided by the electron microscope reveals the ability of the immune cell to phagocytize and suppress the intracellular multiplication of the vaccinia virus.
Work is currently underway in an attempt to gain additional insight into the unique properties of the immune cell which enables it to inhibit viral reproduction by means of intracellular mechanisms.
